Cystic echinococcosis is a severe parasitic disease that commonly affects the liver and causes abscesses or rupture into the surrounding tissues, leading to multiple complications, such as shock, severe abdominal pain, and post-treatment abscess recurrence. Currently, there are no efficient measures to prevent these complications. We previously confirmed that arsenic trioxide (As 2 O 3 ) exhibited in vitro cytotoxicity against Echinococcus granulosus protoscoleces. In the present study, we aimed to explore the mechanism of As 2 O 3 -induced E. granulosus protoscoleces apoptosis. After exposing E. granulosus protoscoleces to 0, 4, 6, and 8 μM As 2 O 3 , reactive oxygen species (ROS) level was detected by fluorescence microscopy; superoxide dismutase (SOD), and caspase-3 activities were measured; intracellular Ca 2+ was detected by flow cytometry; GRP-78 and caspase-12 protein levels were measured by western blot analysis. Our results showed that the expression of caspase-3 was gradually increased and the expression of SOD was gradually decreased in As 2 O 3 -treated groups of protoscoleces. Simultaneously, fluorescence microscopy and flow cytometry showed that the ROS level and the intracellular Ca 2+ level were increased in a timeand dose-dependent manner. Western blot analysis showed that the expressions of GRP-78 and caspase-12 were higher in As 2 O 3 -treated groups than in the control group. These results suggest that As 2 O 3 -induced apoptosis in E. granulosus protoscoleces is related to elevation of ROS level, disruption of intracellular Ca 2+ homeostasis, and endoplasmic reticulum stress. These mechanisms can be targeted in the future by safer and more effective drugs to prevent recurrence of cystic echinococcosis.
Introduction
Cystic echinococcosis is an important cosmopolitan zoonosis, caused by the metacestodes of Echinococcus granulosus. Many organs can be affected by E. granulosus; and the liver is the most commonly affected organ. As no specific drug exists for the treatment of cystic echinococcosis, surgery is still the most effective treatment for this disease. However, intra-operative protoscoleces leakage is a major cause for disease recurrence. Currently, the most commonly used preventative material is 20% hypertonic saline, with previous studies showing that it kills 100% of Echinococcus granulosus within 15 min, but it also has a highly destructive effect on normal tissues surrounding the liver [1] . The 10% formalin is another preventative material, which induces protein coagulation and deformation, killing the protoscoleces; however, there is a risk of sclerosing cholangitis [2] . Albendazole, a broadspectrum anthelminthic, is efficacious and cost-effective, but can cause neurological injury [3] . The ideal adjuvant chemotherapy drugs for hepatic hydatid surgery should have a rapid onset of action, high efficacy and stability, and should be safe. Therefore, there is an urgent need to find effective chemotherapeutic agents for the treatment of hepatic hydatid disease during surgery.
Arsenic trioxide (As 2 O 3 ) is the main component of arsenolite. It has not only been used to treat syphilis for thousands of years in ancient China, but also recently been used for the treatment of different types of cancers. As previously reported, As 2 O 3 is known for its significant anti-cancer effects, including activity against breast [4] , gastric [5] , hematologic cancers and solid tumors [6] . It has also been used to treat parasite infections and African trypanosomiasis [7] , especially for acute promyelocytic leukemia (APL) [8] , which has good curative effects. In agriculture, arsenic-containing pesticides are useful for pest console operation. As 2 O 3 is effective in the treatment of many diseases, and there are some studies that reported the mechanism of its treatment of diseases. Studies on human hepatocellular carcinoma cells [9] and human APL cells [10] have confirmed that As 2 O 3 induces apoptosis through endoplasmic reticulum stress (ERS). It has also been reported that treatment of laryngeal stratified squamous epithelium Hep-2 cells with As 2 O 3 increased the expressions of GRP-78, CHOP, p-eIF2α, and ATF4, confirming that apoptosis was induced through ERS [11] . Reactive oxygen species (ROS) and Ca 2+ have also been reported to be associated with As 2 O 3 toxicity [12, 13] . The ER is an important organelle that regulates essential activities, such as protein synthesis and folding, cellular stress response, and maintenance of intracellular calcium levels. When ER homeostasis is disrupted and the unfolded protein response is triggered, the ER chaperone GRP-78/BIP is dissociated from the three ERS-sensing proteins, IRE1, PERK, and ATF6, which in turn bind to unfolded proteins. Nevertheless, when ERS is high and the internal environment cannot be restored in a timely manner, apoptosis will ensue. Intracellular Ca 2+ is a crucial second messenger that can regulate apoptosis, and disruption of Ca 2+ homeostasis can induce a battery of biochemical reactions that cause caspase cascademediated apoptosis [14, 15] . ROS is also an important second messenger that may activate mitogen-activated protein kinases (MAPKs) [16] . Both Ca 2+ and ROS increases are involved in apoptosis: ROS production leads to ERS, which in turn increases Ca 2+ levels [17] .
Our previous study confirmed that As 2 O 3 induces apoptosis in E. granulosus in vitro; however, the mechanism of action remains unknown. In the present study, we explored the mechanisms of apoptosis related to ROS, Ca 2+ , and ERS in As 2 O 3 -treated E. granulosus protoscoleces, and examined the targets for As 2 O 3 -induced apoptosis in E. granulosus protoscoleces, which might help to develop a safe and effective drug for the clinical treatment and prevention of recurrence of hydatid diseases.
Materials and Methods

Solution preparation and materials
As 2 O 3 and RPMI 1640 medium were purchased from SigmaAldrich (St Louis, USA) and As 2 O 3 was dissolved in 1 M NaOH solution as a standard solution. Working solution diluted with phosphate-buffered saline (PBS) was prepared freshly on the day of treatment and filter sterilized prior to use. Caspase-3 assay kit was obtained from USCN Life Science (Wuhan, China). ROS and superoxide dismutase (SOD) reagent kits were obtained from Jiancheng Bioengineering Institute (Nanjing, China), and all the antibodies were purchased from Abcam (Cambridge, UK).
Collection of protoscoleces
Protoscoleces were obtained from naturally infected sheep liver collected from the Abattoir of Changji (Changji, China). The surface of the liver was rinsed with double distilled water and disinfected with 75% alcohol. The cystic fluid was extracted into culture flasks with sterile syringes, and the supernatant was discarded after the protoscoleces were precipitated. The collected protoscoleces were washed three times with PBS solution, and dead protoscoleces and protoscoleces with low activity were discarded. The prepared protoscoleces were checked by staining with 0.1% eosinstain, and protoscoleces with more than 98% activity were used in the study. Protoscoleces were incubated in RPMI 1640 medium that contains 100 μm/ml penicillin, 100 μg/ml streptomycin, and 10% calf serum, then cultured in a 5% CO 2 atmosphere at 37°C.
In vitro culture of protoscoleces
Protoscoleces were collected after 3 days of culture and washed with PBS for three times, and the protoscoleces were nearly 100% energetic. About 3000 protoscoleces were seeded into each well of 6-well plates, supplemented with As 2 O 3 solution and medium to a final volume of 5 ml, and cultured in a 5% CO 2 atmosphere at 37°C. The culture medium and As 2 O 3 solution were refreshed every 3-5 days. In this study, 0, 4, and 8 μM As 2 O 3 were used for the detection of expressions of ROS and SOD in protoscoleces; 0, 4, 6, and 8 μM As 2 O 3 were used for the detection of levels of Ca 2+ , caspase-3, GRP-78, and caspase-12 in protoscoleces. Each experiment was repeated three times independently.
Detection of ROS by fluorescence microscopy
Protoscoleces were cultured as mentioned above. After three times wash with PBS, the level of intracellular ROS was detected using a fluorescent probe 2070-Dichloroflu-orescindiacetate (DCFH-DA; Invitrogen, Carlsbad, USA). DCFH-DA is deacetylated by intracellular esterase and then converted into nonfluorescent dichlorodihydrofluorescein, in the presence of ROS, and is rapidly oxidized into a high fluorescent compound dichlorofluorescein. Protoscoleces were incubated with 10 μM DCFH-DA for 50 min at 37°C in the dark. The ROS level was measured with a microplate plate reader under an excitation of 540 nm and an emission of 590 nm. Then the protoscoleces were washed three times again and observed under a fluorescence microscope.
SOD activity assay
Total protoscoleces proteins were extracted, and the activity of SOD was measured using SOD kit according to the manufacturer's instructions. Protein extracts were diluted and mixed with H 2 O 2 , water soluble tetrazolium, dilution buffer, and enzyme solution as required, and then incubated for 20 min at 37°C. Finally, the optical density value at 450 nm was measured with a microplate plate reader. Each experiment was repeated three times independently, and the activity of SOD could be calculated.
Detection of intracellular Ca
2+ by flow cytometry
Protoscoleces cultured in RPMI 1640 under indicated conditions were washed three times with PBS. Then 1 ml of trypsin (0.25%) was added and incubated at 37°C with shaking until all cells are dissociated. Trypsinization was stopped by addition of 1 ml serum, and the mixture was centrifuged to collect the cells. Cells were washed again with PBS, and then 5 μl of 2 μM Fluo-4 AM (Invitrogen) was added and incubated at 37°C for 40 min. Finally, the cell suspension was assessed by flow cytometry with a BD FACSCalibur flow cytometer (BD, Franklin Lakes, USA). Data was analyzed with Flowjo 7.6.1 software (FlowJo LLC, Ashland, USA).
Caspase-3 activity assay
Total protoscoleces proteins were extracted and the enzyme activity of caspase-3 was measured using Caspase-3 kit according to the manufacturer's instructions. Protein extracts were added into the reaction buffer with caspase specific substrates (AcDEVD-ρNA for Caspase-3) in 96-well plates and incubated for 2-4 h at 37°C. The absorbance of ρNA at 405 nm was measured with a microplate plate reader (Bio-Rad, Hercules, USA). The experiment was repeated three times.
Western blot analysis
Protoscoleces were grouped and pretreated as described above. The total protein was extracted, separated by SDS-PAGE, and then transferred onto nitrocellulose membranes. The membranes were blocked with 5% skimmed milk in TBS-Tween buffer at room temperature for 2 h. Membranes were incubated with primary antibodies in 1% skimmed milk in TBS-Tween buffer overnight at 4°C. The antibodies used are as follows: rabbit anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:1000), anti-GRP-78 (1:1000), and anti-caspase-12 (1:1000) antibodies. After being washed three times, the membranes were incubated with horseradish peroxidaselabeled goat-anti-rabbit IgG (1:20,000) for 2 h at room temperature, and then washed three times again. Then, the membranes were visualized using an electro-chemi-luminescence kit, and the protein bands were exposed to X-ray films. The gray value of the protein band was measured, and the relative ratio of target protein to GAPDH was calculated.
Statistical analysis
Data were presented as the mean ± SEM from three independent tests using the commercially available software SPSS 17.0. Statistical significance was verified by one-way analysis of variance (ANOVA). Differences among groups were compared by Fisher's test. P < 0.05 was considered statistically significant.
Results
ROS levels were increased in As 2 O 3 -induced apoptosis in E. granulosus protoscoleces Fluorescence microscopy showed that As 2 O 3 promoted ROS generation in protoscoleces in a dose-and time-dependent manner. On the second day, the level of ROS in the 8 μM-treated group was significantly higher than that in the 4 μM-treated group. On the fourth day, the level of ROS continued to rise, and the ROS level in the 8 μM-treated group was also higher than that in the 4 μM-treated group. ROS levels in As 2 O 3 -treated groups were higher than that in the control group (P < 0.05; Fig. 1 ).
SOD level was decreased in As 2 O 3 -induced apoptosis in E. granulosus protoscoleces
The results showed a decreased SOD activity after treatment with As 2 O 3 , and the change is contrary to the ROS level. SOD has the strongest activity in the control group compared with treated groups. The activity was decreased in 4 μM-treated group and was lowest in the 8 μM-treated group. SOD activity was decreased more significantly on the fourth day than on the second day (P < 0.05; Fig. 2 ).
Ca 2+ level was increased in As 2 O 3 -induced apoptosis in
E. granulosus protoscoleces
The results showed that the intracellular Ca 2+ level was significantly increased after treatment with As 2 O 3 , in a time-and dose-dependent Figure 2 . SOD activity in E. granulosus protoscoleces after treatment with As 2 O 3 SOD activity in the control group was stronger than those in the drug groups respectively. The trend of decrease showed a dose-and timedependent manner. SOD activity after 4 days of treatment with 8 μM As 2 O 3 was the lowest. *P < 0.05 compared with the control group; # P < 0.05, intragroup comparison. manner. The Ca 2+ levels were gradually increased from Day 2 to Day 4, when compared with that of the control group, and were highest after treatment with 8 μM As 2 O 3 . At the same concentration, the Ca 2+ level on the fourth day was higher than that on the second day (P < 0.05; Fig. 3 ).
Caspase-3 was increased in As 2 O 3 -induced apoptosis in E. granulosus protoscoleces
After treatment with As 2 O 3 in protoscoleces, caspase-3 activity was examined at different concentrations and time points, with AcDEVD-ρNA as a substrate. Our results showed significant timeand dose-dependent increases in caspase-3 activity after treatment with As 2 O 3 compared with that in the control group (P < 0.05; Fig. 4 ). These results suggested that As 2 O 3 -induced E. granulosus protoscoleces apoptosis may depend on caspase-3.
As 2 O 3 -induced alterations in ERS-related proteins in E. granulosus protoscoleces
GRP-78 and caspase-12 are key ERS markers, and their expression levels reflect the extent of the ERS response. Western blot analysis showed that the levels of both the markers were higher in the As 2 O 3 -treated groups than those in the control group (P < 0.05), and the expressions of both markers were further increased with increased time and As 2 O 3 concentrations (P < 0.05; Fig. 5 ).
Discussion
Our previous reports revealed that As 2 O 3 negatively affects E. granulosus protoscoleces in vitro [18] . To further investigate the molecular mechanism involved in this phenomenon, a variety of methods were used to test the related indicators. The results showed that As 2 O 3 increased the expression of ROS, decreased the SOD level, increased intracellular Ca 2+ and caspase-3 production, and also increased the expressions of GRP-78 and caspase-12 in protoscoleces. All these alterations showed a dose-and time-dependent manner. Therefore, we hypothesize that ERS, Ca 2+ and ROS are involved in As 2 O 3 -induced E. granulosus protoscoleces apoptosis, suggesting that these may be the effectors of As 2 O 3 toxicity to E. granulosus protoscoleces.
ROS act as important multi-faceted signaling molecules, and play key roles in determining a cell's fate [19] . Excessive generation of ROS disturbs cellular homeostasis by affecting multiple signaling pathways [17, 20] . SOD is a very important ROS-scavenging enzyme which could reduce the damage associated with the overproduction of ROS [21] . Our results revealed that high concentrations of As 2 O 3 induced the production of ROS, but decreased the activity of SOD. After 4 days of exposure to As 2 O 3 , the ROS level was the highest and SOD activity was the lowest. Thus, we hypothesize that oxidative stress-related pathways may be involved in the negative effects of As 2 O 3 on protoscoleces, which requires further study.
Previous studies have confirmed that ROS is linked to As 2 O 3 toxicity [22, 23] , and it is now well established that the proapoptotic effect of As 2 O 3 is mediated by ROS [23] [24] [25] . As 2 O 3 disturbs the natural oxidation and reduction equilibrium, which in turn Figure 4 . Caspase-3 activity in E. granulosus protoscoleces after treatment with As 2 O 3 Caspase-3 activity was increased most markedly after 4 days of treatment with 8 μM As 2 O 3 , while small increases were observed in other groups compared with the control group. *P < 0.05 compared with the control group; # P < 0.05, intra-group comparison. increases cellular ROS [26] . On one hand, As 2 O 3 reduces the cell's thiol pool to make it more vulnerable to As 2 O 3 ; on the other hand, As 2 O 3 constantly produces ROS, thus maintaining a high concentration and potentiating its toxicity [23] . In our study, when protoscoleces were exposed to As 2 O 3 , an increase of ROS levels was observed in a time and concentration-dependent manner. ROS levels were measured after 2 or 4 days of treatment with 4 μM or 8 μM As 2 O 3 solutions, and our results showed that ROS levels were increased after 2 days of treatment with both concentrations of As 2 O 3 . ROS levels were further increased after 4 days, with ROS in the high concentration group increased more significantly than in the low concentration group, suggesting that As 2 O 3 -induced apoptosis of protoscoleces was activated by the production of ROS. Intracellular Ca 2+ is mainly located in the ER. Disruption of Ca 2+ homeostasis causes dysfunction of the ER and thereby promotes apoptosis [27] . The toxicity of As 2 O 3 is related to many intracellular signals, such as increased formation of oxidants, depletion of cellular GSH, and decreased mitochondrial membrane potential, accompanied by caspase activation and expression changes of Bcl and Bax proteins [28] . As one of the toxic targets of As 2 O 3 , the ER store can be depleted, causing increased Ca 2+ levels, leading to activation of apoptosis-related proteases [29] . Zhang et al. [30] indicated that the levels of both Ca 2+ and luminal ER Ca
2+
-regulating protein were markedly increased after exposure to As 2 O 3 in human lens epithelial cells, and that the disruption of calcium signaling resulted in apoptosis. Florea et al. [31] confirmed this observation. In this study, our results showed that As 2 O 3 induced the increase of Ca 2+ production in a time and concentration-dependent manner and it was consistent with the findings of other studies [30, 32] . This indicates that As 2 O 3 -induced protoscoleces apoptosis disturbed intracellular Ca 2+ homeostasis, and activated ERS-related apoptosis.
As an effector molecule, caspase-3 plays a pivotal role in apoptosis. It was found that the expression of caspase-3 was increased during protoscoleces apoptosis [33] [34] [35] . Our previous studies have shown that caspase-3-mediated apoptotic pathways are involved in NaAsO 2 -and CDCA (chenodeoxycholic acid)-induced apoptosis of protoscoleces [36, 37] . Similar results were obtained when As 2 O 3 was used to treat other diseases or cells, such as myelodysplastic syndrome [38] , human platelets [39] , PLHC-1 fish cells [40] , and lung cancer cells [41] . This study also demonstrated an increase of caspase-3 level after treatment with As 2 O 3 at different time points and concentrations. Therefore, we hypothesize that the toxicity of As 2 O 3 to E. granulosus involves the caspase-3-mediated apoptosis pathway.
ERS-mediated apoptosis is an important part of the development of many diseases [42] [43] [44] . The ER provides a unique environment for protein folding, maturation, and several molecular chaperones [45] . GRP-78 and caspase-12 are two ERS-associated proteins. GRP-78 is an important molecular chaperone that binds to three transmembrane proteins (PERK, ATF6, and IRE1) under normal conditions, whereas under pathological conditions, it dissociates from these proteins and binds to unfolded or misfolded proteins to protect cell function. Severe ER stress activates downstream signaling molecules such as caspase-12. Caspase-12 is only activated by ERS and not by death receptor-mediated or mitochondria-targeted apoptotic signals [46, 47] . In our study, the expression levels of these two ERS-related proteins were measured by western blot analysis after treatment of E. granulosus protoscoleces with As 2 O 3 . We found that protoscoleces exposed to As 2 O 3 showed time-and dosedependent increases in the expressions of GRP-78 and caspase-12. These results are consistent with As 2 O 3 -induced ERS-mediated apoptosis observed in human lens epithelial cells [31] and chronic myeloid leukemia [48] , indicating that As 2 O 3 may negatively affect E. granulosus protoscoleces through the ERS pathway.
Nevertheless, there are still some limitations in this study. It is not clear whether Ca 2+ is originated from cytoplasmic or endoplasmic sources, or both. Other mechanisms may also be involved in the toxic effects of As 2 O 3 on E. granulosus protoscoleces. Results in this study were from in vitro experiments, which should be confirmed by in vivo studies. Therefore, we will explore these issues further in future research.
